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New genetic findings lead the way to a better understanding
of fundamental mechanisms of drug hypersensitivity
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ADR: Adverse drug reaction
p-i: Pharmacologic interaction
SJS: Stevens-Johnson syndrome
TEN: Toxic epidermal necrolysisDrug hypersensitivity reactions are an important clinical
problem for both health care and industry. Recent advances in
genetics have identified a number of HLA alleles associated with
a range of these adverse reactions predominantly affecting the
skin but also other organs, such as the liver. The associations
between abacavir hypersensitivity and HLA-B*57:01 and
carbamazepine-induced Stevens-Johnson syndrome and HLA-
B*15:02 have been implemented in clinical practice. There are
many different mechanisms proposed in the pathogenesis of
drug hypersensitivity reactions, including the hapten
hypothesis, direct binding to T-cell receptors (the
pharmacologic interaction hypothesis), and peptide-binding
displacement. A problem with all the hypotheses is that they are
largely based on in vitro findings, with little direct in vivo
evidence. Although most studies have focused on individual
mechanisms, it is perhaps more important to consider them all
as being complementary, potentially occurring at the same time
with the same drug in the same patient. This might at least
partly account for the heterogeneity of the immune response
seen in different patients. There is a need to develop novel
methodologies to evaluate how the in vitro mechanisms relate to
the in vivo situation and how the highly consistent genetic
findings with different HLA alleles can be more consistently
used for both prediction and prevention of these serious adverse
reactions. (J Allergy Clin Immunol 2015;136:236-44.)
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236Adverse drug reactions (ADRs) remain a major problem in the
clinic and in drug development.1 Of particular concern are unpre-
dictable ADRs, which are often referred to as type B or idiosyn-
cratic reactions.2 They can affect any organ system, most
commonly the skin but also the liver, lungs, bone marrow, and
kidneys. Such reactions are still poorly understood, but many of
them are often assumed to be immunologic in nature,3 so-called
drug hypersensitivity reactions.
Recent advances in the pharmacogenetics of drug hypersen-
sitivity reactions, most notably HLA restriction, have provided
persuasive evidence that some of these drug reactions have an
immunologic component. Furthermore, such advances are
beginning to provide the experimental tools to investigate the
interplay between the genetic, cellular, and chemical mecha-
nisms postulated to be involved in drug hypersensitivity. We now
need to build on such advances in a critical and constructive
fashion to:
d develop diagnostic tests to define whether an ADR to a new
drug is truly immunologic;
d develop pharmacogenetics tests (which might be point of
care) for patients to prevent these reactions, which would
fit in with the evolving paradigm of personalized or preci-
sion medicine; and
d provide the science to develop novel in vitro model systems
with which to (1) eliminate immunologic liabilities from
drugs known to be associated with hypersensitivity and
(2) develop preclinical test systems to minimize the immu-
nologic liabilities of new drugs in development.
To achieve these goals, we need to investigate further the best
understood case histories ‘‘from man to molecule and back
again.’’
GENETIC BASIS OF DRUG HYPERSENSITIVITY
Association with HLA alleles
Since the completion of the human genome project, there have
been some remarkable advances in elucidating the genetic basis
of drug hypersensitivity reactions.4,5 This has largely focused on
the HLA alleles in the MHC on the short arm of chromosome 6.
FIG 1. HLA associations reported with serious ADRs caused by many different drugs. This is not an
exhaustive list of reported drug-HLA associations but illustrates that the pattern of drug–HLA–tissue injury
interactions varies and that there is no general rule for predicting susceptibility.
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has been linked to both autoimmune diseases and infectious dis-
eases. Since 2001, at least 24 ADRs have been linked to different
HLA alleles (Fig 1). These associations afford a fascinating
insight into the complexity of the immune response, highlighting
our incomplete understanding of the pathogenesis of these reac-
tions. However, they also provide several important insights
that need to be addressed in future research.
First, different organ systems are affected by these ADRs, most
commonly the skin and liver, but also muscles (statin-induced
autoimmune myopathy and HLA-DRB1*11:01)6 and neutrophils
(clozapine-induced agranulocytosis and HLA-DQB1).7 Whether
the HLA allele determines which organ system is affected is un-
clear, but it is likely to play a role in association with other factors,
such as other genetic variants, expression of organ-homing recep-
tors, and T-cell clonotypes.
Second, the associations sometimes show marked ethnic
variation reflecting the background prevalence of the implicated
HLA allele. The most impressive example of this is the associ-
ation of HLA-B*15:02 with carbamazepine-induced Stevens-
Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN)
in Han Chinese, Thai, andMalay patients8 but not in Northern Eu-
ropeans.9 The background prevalence of HLA-B*15:02 varies
from 4% to 15% in the affected populations but is less than 1%
in Japanese and Korean subjects and extremely rare in Northern
Europeans (<0.01%).
Third, the same HLA allele can be associated with adverse
reactions to therapeutically and structurally unrelated compounds
but with effects in different organs. The best example of this is the
association of HLA-B*57:01 with both abacavir hypersensitiv-
ity10 and flucloxacillin-induced hepatotoxicity.11 This is consid-
ered in more detail below.
Fourth, the same type of organ injury can occur with the same
HLA allele, even with therapeutically and structurally unrelated
compounds. For example, HLA-DRB1*15:01 is associated with
liver injury with both lumiracoxib12 and co-amoxiclav.13Whether
there are some HLA alleles that predispose to certain forms of or-
gan injury will become clear as more research is undertaken with
other drugs but seems likely based on the possibility that certainHLA alleles can be more highly expressed in particular organs.
Consistent with this, a recent genome-wide association study
showed that HLA-DRB1*15:01 is also associated with alcohol-
induced liver cirrhosis.14
Fifth, although most of the associations illustrated in Fig 1 are
consistent with the time lag needed to induce an immune response
(and are consistentwith clinical and histologic evidence), for some
forms of organ injury, the HLA association was surprising and
highlighted that the general rules of immune-mediated injury
occurring soon after the start of the drug or being worse on rechal-
lenge are not necessarily correct in all cases. For example,
lumiracoxib-induced liver injury typically occurs after more than
100 days on the drug12 which is not the usual timeframe associated
with liver injury caused by other drugs, such as co-amoxiclav. For
clozapine agranulocytosis, rechallenge does not necessarily result
in recurrence of the reaction much sooner,15 which is inconsistent
with evidence from other forms of immune-mediated drug injury,
such as abacavir hypersensitivity.16
Finally, it is interesting to note that the drugs most commonly
associated with cutaneous ADRs, such as the penicillins and
sulfonamides, have not convincingly been shown to have
associations with HLA alleles. This might be because they form
multiple epitopes and therefore interact with multiple HLA
alleles, but this cannot be the full explanation given the very
strong association between flucloxacillin hepatotoxicity and
HLA-B*57:01. A possible explanation is that studies thus far
have not phenotyped the patients precisely with mixing of pheno-
types, poor assessment of causality, and inadequate sample sizes.
This is perhaps illustrated by a recent genome-wide study in
which careful phenotyping of an adequate number of patients
with penicillin-induced type 1 IgE-mediated reactions showed
an association within the HLA-DRA region.17Association with non-HLA alleles
Observational studies have shown with some drugs, such as
phenytoin, that higher doses, particularly at commencement, can
increase the risk of cutaneous eruptions.18 Similarly, with lamotri-
gine, higher doses, particularly when the patient is cotreated with
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gine,19 lead to a higher frequency of serious cutaneous ADRs,
including SJS.20 This led to revised prescribing information to start
patients on lower doses of lamotrigine and escalate the dose slowly.
These clinical observations would suggest that genetic poly-
morphisms in drug metabolic pathways can increase the risk of
serious idiosyncratic reactions. However, candidate gene studies
and, more recently, genome-wide association studies have not
shown any convincing associations with polymorphisms in genes
coding for drug-metabolizing enzymes or transporters.21 The
exception to this seems to be phenytoin; a recent genome-wide as-
sociation study22 in Taiwanese, Japanese, and Malaysian patients
showed a strong association with CYP2C9*3, an allelic variant
associated with reduction in CYP2C9 activity by about 90%,
which reached genome-wide significance (P 5 10217). There
are perhaps several lessons to be learned from this.
First, phenytoin has a narrow therapeutic index because its
fractional clearance is largely dependent on CYP2C9. Thus the
lower activity of the CYP2C9*3 allelic variant leads to reduced
metabolic clearance22 and higher plasma concentrations, which
are consistent with clinical observations of a dose-dependent rela-
tionship in the risk of cutaneous eruptions.18 It also suggests that a
relative deficiency in one pathway might not necessarily predis-
pose to a serious ADR if multiple metabolic pathways are
involved in the clearance of that drug. Alternatively, the effect
size may be so low that very large numbers of patients would
be required to show genome-wide significance.
Second, type B or idiosyncratic reactions have typically been
classified as being dose independent.2 However, these more
recent findings suggest that even these reactions have some
form of dose-response relationship, but this might not be depen-
dent on the external dose but more on the systemic exposure to
the parent drug or 1 or more of its metabolites.
Third, this association with reduced metabolic clearance of
phenytoin does not necessarily mean that the parent drug is
responsible for the reaction because inability to metabolize
phenytoin through its main route can lead to diversion through
more toxic pathways.Clinical translation
The effect size and therefore the strength of association with
HLA alleles varies with different drugs,4,5 which has influenced
translation into clinical practice. To date, for abacavir hypersen-
sitivity and carbamazepine-induced SJS in Southeast Asians,
the drug label has been changed, stating that HLA testing needs
to be done before commencing the drug.21Abacavir hypersensitivity
Abacavir hypersensitivity occurs in approximately 5% to 7%of
patients.23 The reaction is CD81 T cell mediated.24 The associa-
tion between the HLA class I allele HLA-B*57:01 and abacavir
hypersensitivity was first reported from Australia25 and North
America26 and subsequently by a study from the United
Kingdom.27 Genetic testing has been demonstrated to be cost-
effective, first in the United Kingdom27 and subsequently in other
countries.28-30 Furthermore, preprescription testing for HLA-
B*57:01 reduced the frequency of hypersensitivity in Australia,31
the United Kingdom,32 and France,33 showing that genetic testing
can have a powerful influence in reducing the burden associatedwith serious ADRs. This is covered in more detail in the article
by White et al34 in this issue of the Journal.Carbamazepine-induced hypersensitivity reactions
Carbamazepine is widely used in the treatment of epilepsy,
trigeminal neuralgia, and bipolar disorder. The clinical manifesta-
tions of carbamazepine hypersensitivity are more complex and
diverse than those observed with abacavir and include simple
maculopapular exanthema, hypersensitivity syndrome, or drug
reaction with eosinophilia and systemic symptoms syndrome and
SJS/TEN. Carbamazepine-induced SJS/TEN has shown a strong
(odds ratio >1000) association withHLA-B*15:02 in the Han Chi-
nese population.35-37 This association has also been replicated in
several other Asian populations, including Thai,38,39 Malay,40
and Indian subjects41 but not in white9,42,43 and Japanese sub-
jects.44,45 Apart from being ethnicity specific, the association
with HLA-B*15:02 is phenotype specific in that it is only valid
for SJS/TEN but has not been shown to be important for maculo-
papular exanthema and hypersensitivity syndrome.36 The utility
of HLA-B*15:02 testing for preventing carbamazepine-induced
SJS/TEN was also shown in a prospective study from Taiwan.46
The drug label for carbamazepine has been changed by many
drug regulatory agencies worldwide, including the EuropeanMed-
icines Agency and US Food and Drug Administration. Even
though genetic testing for HLA-B*15:02 is reimbursed in Hong
Kong, advice that patients should be tested for this allele before
the use of carbamazepine led physicians to use alternative anticon-
vulsants, such as phenytoin and lamotrigine, which did not reduce
the overall incidence of SJS-TEN in Hong Kong.47 This provides a
salutary lesson as to the difficulties that can be encountered in im-
plementing genetic tests into clinical practice.
For other serious cutaneous ADRs caused by carbamazepine in
Chinese patients48 and for maculopapular eruptions, drug reac-
tion with eosinophilia and systemic symptoms syndrome, and
SJS/TEN in white49 and Japanese50 subjects, HLA-A*31:01 has
been shown to be a predisposing factor. A recent study has
demonstrated that preprescription genotyping for HLA-A*31:01
in the context of the United Kingdom National Health Service
would be cost effective.51 HLA-A*31:01 is mentioned in drug la-
bels in many countries, but testing is not mandatory, and thus it is
not routinely used in clinical practice. A recent functional study in
a carbamazepine-hypersensitive patient showed the activation of
both HLA-A*31:01–restricted, carbamazepine-specific CD81 T
cells and HLA-DRB1*04:04–restricted, carbamazepine-specific
CD41 T cells, indicating that cooperation between different T-
cell subsets within the extended genetic haplotype plays a role
in the clinical manifestations seen in patients.52PATHOGENESIS OF DRUG HYPERSENSITIVITY
REACTIONS
Our current understanding of drug hypersensitivity is outlined
in Fig 2. From a chemical perspective, the drug can act as:
d a hapten—a chemical that forms covalent attachment to a
protein;
d a prohapten—a chemical that can be converted to a hapten;
d an antigen—a chemical, normally a peptide, that acts as a
ligand between MHC molecules and cognate immunologic
receptors in both the afferent and efferent limbs of the
immune response;
FIG 2. A scheme to illustrate current hypotheses concerning how a drugmight interject in natural immunity
to cause a hypersensitivity ADR. It is likely that multiple molecular initiating events, including reactive
metabolite formation, conjugation of drug to protein, and direct interaction of the drug andMHCmolecules,
can provide signal 1. For a response to proceed, there will be regulation by costimulatory (signal 2) and
coinhibitory molecules, which might ultimately activate various adverse pathways, resulting in the highly
variable clinical manifestations of drug hypersensitivity. It is important to note that nomechanism has been
proven unequivocally in human subjects to date. Furthermore, little is known about the signal in the target
cell or tissue that provokes effector T cells to cause tissue damage.
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teracts with dendritic cells, polarizing and maturing an im-
mune response;
d an immunogen—a chemical that can initiate an immune
response (in human subjects); and
d a sensitogen—a chemical that can elicit hypersensitivity (in
human subjects).
From an immunologic perspective, it is important to note that
thewhole process is likely to be subject to immunemodulation by
costimulatory signals, regulatory T cells, and the nature of the
antigen in the target tissue, which pulls the destructive immune
response into the target tissue.
The chemical basis of drug hypersensitivity
Until recently, the hapten hypothesis was the most widely
assumed mechanism for drug hypersensitivity. The ability of
low-molecular-weight nitrophenyl derivatives to cause skin
sensitization in guinea pigs is a function of their chemicalreactivity53: trinitrophenyl-modified MHC peptides can generate
a T-cell response, and trinitrophenyl-specific T cells can recog-
nize both trinitrophenyl-modified and unmodified peptides. This
shows how chemical modification can break tolerance. Further-
more, such skin sensitizers indirectly activate innate inflamma-
tory signaling through production of reactive oxygen species
and hyaluronic acid degradation.54 These findings in experi-
mental animals have been translated into human experimental
models through topical application of dinitrochlorobenzene to
volunteers,55-57 in whom both chemical-specific CD41 and
CD81 T cells have been detected, which is consistent with the
ability of 2,4-dinitrochlorobenzene to form haptens with both
intracellular and extracellular proteins.
Penicillins areb-lactamantibiotics that react spontaneouslywith
nucleophilic lysine residues in proteins in a dose- and time-
dependent fashion.58,59 Antibodies have been detected against
penicillin-protein conjugates and the benzylpenicilloyl group but
not the parent drug.60-63 Use of specific mass spectrometric
methods has shown that penicillin-protein conjugates can be
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nize protein conjugates64,65 have been demonstrated in hypersensi-
tive patients. Interestingly, specific lysine residues are targeted in
the albumin molecule at low concentrations, with the number of
epitopes increasing as the drug concentration increases.66 In pa-
tients with cystic fibrosis, which is characterized by a high inci-
dence of piperacillin hypersensitivity, mass spectrometric
techniques have revealed the presence of multiple haptens on albu-
min in patientswith the presence of drug-specific T-lymphocyte re-
sponses.59 Given that antibiotic courses are often given over 14
days in these patients and that the half-life of albumin is 19 days,
modified protein is likely to accumulate during the course and
will persist after the course. How this relates to the likelihood of hy-
persensitivity occurring during the course of the treatment or some-
times after the course is completed requires further investigation.
A key unanswered question for penicillins and the hapten
hypothesis is why one penicillin, such as piperacillin, targets
the skin primarily, whereas another, such as flucloxacillin or
co-amoxiclav, can also target the liver. Organ-selective dispo-
sition of the drug antigen could be a factor (ie, albumin is
synthesized in the liver),67 but it is also possible that
organ-selective costimulatory signals could play a role given
the ubiquitous nature of penicillin hapten formation. In relation
to flucloxacillin, it is metabolized by CYP3A4 to 59-hydroxy-
methylflucloxacillin,68 but the overall ratio of parent drug to
metabolite is 25:1, and therefore whether this is important in
hepatic toxicity is unclear.
The human safety risk posed by the generation of reactive
metabolites with the potential to form haptens in vivo remains a
major concern for drug development.69 A large number of drugs
associatedwith hypersensitivity have been shown to form reactive
metabolites that can modify proteins both in vitro and in vivo.3
However, the ‘‘reactive metabolite theory of drug hypersensitiv-
ity’’ is still largely based primarily on a ‘‘global association’’ be-
tween in vitro bioactivation and clinical outcome. General
anesthetics were one of the first paradigms used to investigate
the role of metabolism in drug-induced immune hepatitis. Halo-
thane is metabolized in the liver by CYP2E1 to yield highly reac-
tive trifluoroacetyl chloride, which binds spontaneously to
proteins. Circulating IgG antibodies that recognize modified liver
proteins and autologous proteins were implicated in the mecha-
nism of halothane hepatitis because they were detected in all pa-
tients with severe reactions.70,71 Interestingly, the overall extent
of metabolism (bioactivation) of enflurane and isoflurane, which
have replaced halothane in clinical practice, is around 10-fold
lower, and these are associated with a much lower risk of
hepatitis.2 Similarly, IgG antibodies have been detected that
recognize drug-modified proteins in patients who had immune-
mediated hepatitis on isoniazid.72 More recently, a number of
drugs known to cause liver injury have been shown to have strong
genetic associations with specific HLA alleles (Fig 1). All these
drugs are known to undergo P450-mediated metabolism, but
whether the parent drug, stable metabolite, or chemically reactive
metabolites are involved is undetermined at present. For example,
with lapatinib, bioactivation to a quinoneimine intermediate has
been shown,73 but again, the final proof of its role in hepatic injury
is not available. The main issue is that at present, the technology
to investigate T-cell responses to short-lived chemically reactive
intermediates does not exist.
The ultimate proof of the hapten hypothesis would be detection
and characterization of effector drug–peptide conjugates in a T-cell assay that simultaneously discriminates between hypersen-
sitive and nonhypersensitive patients. The first step toward such
an assay system has been the development of novel sensitivemass
spectrometric methods that enable the full characterization and
quantification of drug-modified proteins in patients. Such
methods can be used not only to detect which proteins have
been modified but also the precise chemistry of the hapten and the
specific amino acid modified within the target protein. Such
platforms provide a direct and unequivocal definition of the
relationship between drug metabolism and hapten formation
in vivo and provide sequence information for the synthesis and
immunologic evaluation of potential antigenic drug-peptide
conjugates.59
In summary, the above examples provide evidence that
bioactivation (either spontaneous or metabolism dependent) to
reactive metabolites has a role to play in the pathogenesis of
serious ADRs, but whether it is the predominant mechanism or
one that plays an accessory role will depend on the drug, host, and
environmental factors.The pharmacologic interaction hypothesis of drug
hypersensitivity
Pichler74 has proposed an alternative hypothesis based on
direct binding of the parent drug to the T-cell receptor or the
HLA molecule. This is termed the pharmacologic interaction
(p-i) hypothesis and requires the drug to bind to these receptors
with high affinity but in the absence of innate immune activation,
metabolism, or antigen processing.75 Indeed, it has been proposed
that HLA restriction, as has been demonstrated with many drugs
(outlined above), is likely to occur onlywhen a drug is able to bind
to one HLA allele but not when the drug is converted to a reactive
metabolite because this will generate a large number of antigenic
determinants.75 However, this ignores the increasing number of
HLA alleles that have been associated with drugs causing liver
injury in which metabolism might play an important role (Fig 1).
Interaction with T-cell receptors, which results in T-cell
activation (but not antibody formation), has been shown with a
number of drugs, including sulfamethoxazole, abacavir, carba-
mazepine, lamotrigine, lidocaine, and allopurinol.76 However, the
evidence is largely based on in vitro experiments, and although
direct T-cell interaction is likely to occur in vivo as well, it does
not fully simulate the complex situation seen in vivo in which
drug concentrations will vary in different tissues and there will
be differing amounts of metabolites present in different subjects,
which will include variability in the formation of drug-protein
conjugates. Thus there is a need to rationalize how the 2 potential
mechanisms might operate together under different circum-
stances. This can be done by considering the drug sulfamethoxa-
zole, an antimicrobial used for the treatment of urinary tract
infections and Pneumocystis jirovecii pneumonia.
Sulfamethoxazole has been used to define the chemical basis of
drug (metabolite) hypersensitivity reactions because its reactive
metabolite, nitroso sulfamethoxazole, can be synthesized77 and
integrated into functional in vitro T-cell assays at nontoxic con-
centrations.78 In vivo cytochrome P450–mediated metabolism
of sulfamethoxazole generates an unstable but not protein-
reactive hydroxylamine metabolite that can be detected in
plasma.79 The hydroxylamine undergoes rapid spontaneous
oxidation to nitroso sulfamethoxazole, an electrophile that can
bind covalently to cysteine residues in both extracellular and
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and necrotic cell death and the release of mediators that promote
dendritic cell maturation.83-85 The binding of nitroso sulfameth-
oxazole to protein produces multiple adduct structures and there-
fore a multitude of potential antigens. Whether this is a potential
explanation for the lack of an HLA association with sulfamethox-
azole hypersensitivity is unclear.86
Nitroso sulfamethoxazole is chemically unstable in cell culture
medium; its half-life is less than 30 minutes,77,78 and therefore
cellular exposure to nitroso sulfamethoxazole in T-cell assays is
likely to be 10- to 50,000-fold lower than the parent compound.
Despite this, nitroso sulfamethoxazole–responsive T cells have
been detected in the periphery and skin of 100% of patients
with sulfamethoxazole hypersensitivity.87-90 In patients with
milder skin reactions (eg, maculopapular exanthema), CD41 T
cells are preferentially activated, whereas CD81 T cells are
more readily detected in patients with SJS/TEN. T cells from hy-
persensitive patients are also activated with the parent drug sulfa-
methoxazole through direct interaction with MHC molecules,
specific T-cell receptors, or both.91 Some of these T cells were
found to be highly structurally specific in that different sulfon-
amide derivatives can bind to the T-cell receptor, but only sulfa-
methoxazole results in activation. This has been attributed to its
orientation being similar to that of the hapten formed with nitroso
sulfamethoxazole.92
After in vitro priming of naive T cells with nitroso sulfameth-
oxazole, it is possible to prime naive CD41 T cells from 100%
of healthy human donors in 7 days if (1) the drug-derived anti-
gen was presented by dendritic cells, (2) regulatory T cells were
removed from the assay, and (3) costimulatory signals were pro-
vided through the use of LPS/TNF-a.93 Furthermore, the
magnitude of the T-cell response could be enhanced dramati-
cally through blockade of programmed cell death 1/pro-
grammed cell death ligand 1 signlling.94 Feeding regulatory T
cells back into the system effectively blocked nitroso sulfameth-
oxazole–specific T-cell priming. Hence levels of costimulatory/
coinhibitory signaling at the time of drug exposure might be
another important determinant of whether a pathogenic T-cell
response develops.
Taken together, these observations show that T cells circulating
in the same hypersensitive patients are activated by different
chemical entities through different pathways (both stimulatory
and inhibitory), which is consistent with drug- and metabolite-
specific T cells being part of the spectrum of a polyclonal T-cell
response. Therefore it is impossible to identify the drug-derived
antigen that actually initiated the initial T-cell response in a
patient from retrospective analysis of the frequency of memory T
cells (recall). Furthermore, at present, we cannot be certain which
particular T cells are the actual effector cells during a hypersen-
sitivity reaction in vivo when the target organ is usually the skin
or, less commonly, the liver.Methods to characterize drug/HLA interactions
Drugs that show HLA associations can be tested for HLA
binding by using in vitro assays. A cell-free system with purified
HLA molecules can be used to measure drug effects on peptide-
binding affinity by using a positional scanning peptide library
approach.95 In this approach binding assays are established in
which HLA molecules are incubated with drug and peptide mix-
tures in which a peptide position is fixed to a single amino acidand randomly at all other positions. For 9-mer peptides (20 amino
acids 3 9 positions), 180 peptide mixtures can be used in HLA-
binding assays in the presence and absence of drug. For example,
peptide libraries in which position 9 (P9) was fixed to be V or I
(and random at all other positions) were found to bind HLA-
B*57:01 with higher affinities in the presence of abacavir
compared with the absence of the drug.95
Elution of HLA-bound peptides from drug-treated cells is an
informative method to characterize drug/HLA interactions. In this
method cells expressing theHLAmolecule of interest are grown to
large numbers (>109) when treated with either the drug or vehicle
control. The HLAmolecules are immunopurified, and bound pep-
tides are subsequently eluted and then characterized by means of
mass spectrometry and sequencing. Comparison of peptides eluted
fromHLA in the presence and absence of drug can be used tomea-
sure the effects of the drug on the HLA-bound peptide repertoire.
For example, HLA-B*57:01 typically exhibits a preference for 9-
mer peptides with bulky aromatic side chains (such as W or F) at
P9. However, peptides eluted from HLA-B*57:01 after isolation
from abacavir-treated cells exhibit an altered binding preference:
nonamer peptides with short aliphatic side chains at P9 (I or V).
These data show that abacavir treatment of cells results in alter-
ation of the repertoires of HLA-B*57:01–bound peptides.95,96
Alteration of the repertoire of HLA-bound peptides might be
due to direct (eg, by drug/HLA binding) or indirect (eg, by altering
protein expression, metabolism, or both) effects. The peptide
elution method can be used to measure the effects of a drug on
theHLA-bound peptide repertoire, regardless ofwhether the effect
is direct or indirect. These aspects in relation to abacavir, together
with the concepts of heterologous immunity, alloreactivity, and
polyspecificity, are covered by White et al34 in this issue of the
Journal and will not be repeated here.CONCLUSIONS
The discovery of MHC restriction in drug hypersensitivity has
provided an opportunity to delve further into the fundamental
chemical basis of how a drug might initiate such events in a
patient and raise broader pharmacologic questions with regard to
the disposition and effector functions of drug-related antigens.
Proteins are processed by heterogeneous intracellular pathways,
leading to the generation of peptide–MHC class I complexes and
peptide–MHC class II complexes. For both pathways, the
peptides are mostly buried in the peptide-binding groove, and
the peptide is an integral part of the folded protein complex, part
of which is recognized by T-cell receptors. Endogenous peptides
can be altered posttranslationally through a variety of chemical
processes, some of which might be disease induced,97,98 and thus
contribute to allergy or autoimmune disease. The hapten hypoth-
esis would suggest that a drug (metabolite) covalently modifies a
protein before processing with presentation of drug peptide.
Although drug-hapten protein complexes have now been detected
in vivo for a number of drugs, characterization of drug peptides in
the context of MHC binding and T-cell activation has not been
defined. The p-i hypothesis provides an alternative mechanism
that has been demonstrated to operate in vitro, but there is no
direct experimental evidence that it operates in vivo. More
recently, studies with abacavir have shown that it might occupy
a space below peptides expressed by particular HLA alleles,
thus leading to altered peptide presentation and autoimmunity.
The difference between the altered peptide/p-i hypotheses and
FIG 3. A simple scheme to illustrate how a ternary complex between the
drug, MHC molecule, and peptide can be assembled to stimulate a T-cell
response. The interaction between the peptide and drug can be either
covalent (D-) or noncovalent (D.). It is possible that in the in vivo situation
both models could be occurring simultaneously, but we do not have the
precise chemical tools to determine this.
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interaction in vitro.
Although it is important to identify the mechanisms of drug
hypersensitivity, perhaps too much emphasis is being placed on
the differences between the various hypotheses rather than
focusing on the fact that the mechanisms are complementary
and might at least partly account for the heterogeneity of the
immune response seen in different patients. For example, even
with abacavir, although there is evidence of peptide-binding
displacement95 and alloimmunity,99 abacavir protein haptens
have also been detected in vivo100; the role of these different pro-
cesses in vivo in patients with abacavir hypersensitivity is thus un-
clear, and it is of course possible that all 3 are important. Thus
what is being suggested (Fig 3) is that an assembly of the MHC
molecule, peptide, and drug leads to a complex maintained by a
variety of chemical bonds (which could include covalent, coordi-
nate, hydrogen, and hydrophobic bonds). The thermodynamic
stability of the complex will be determined by the totality of the
binding energies and not the type of bond per se. Furthermore,
it seems highly likely that the epitopes recognized by various T
cells will have variable composition of substructures in the
drug, peptide, and MHC molecule, some of which might not
contain the drug at all.
Finally, we know little or nothing about the nature of the MHC-
drug-peptide complex that elicits target organ toxicity in the
afferent arm of the immune response in vivo. We need to know
more about the relationship between total drug disposition and
the constitution of drug-peptide-MHC complexes in both the
afferent and efferent arms of the immune response to define thresh-
olds (drug, metabolite, and drug-protein conjugate) in early drug
discovery that can be reasonably expected not to pose a risk in
the clinic.
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